Purpose: This study introduces a real-time contrast-enhanced ultrasound imaging method with recently developed laser-activated nanodroplets (LANDs), a new class of phase-change nanometerscale contrast agents that provides perceptible, sustained high-contrast with ultrasound. Methods: In response to pulsed laser irradiation, the LANDs-, which contain liquid perfluorohexane and optical fuses-blink (vaporize and recondense). That is, they change their state from liquid nanodroplets to gas microbubbles, and then back to liquid nanodroplets. In their gaseous microbubble state, the LANDs provide high-contrast ultrasound, but the microbubbles formed in situ typically recondense in tens of milliseconds. As a result, LAND visualization by standard, real-time ultrasound is limited. However, the periodic optical triggering of LANDs allows us to observe corresponding transient, periodic changes in ultrasound contrast. This study formulates a probability function that measures how ultrasound temporal signals vary in periodicity. Then, the estimated probability is mapped onto a B-scan image to construct a LAND-localized, contrast-enhanced image. We verified our method through phantom and in vivo experiments using an ultrasound system (Vevo 2100, FUJIFILM VisualSonics, Inc., Toronto, ON, Canada) operating with a 40-MHz linear array and interfaced with a 10 Hz Nd:YAG laser (Phocus, Opotek Inc., Carlsbad, CA, USA) operating at the fundamental 1064 nm wavelength. Results: From the phantom study, the results showed improvements in the contrast-to-noise ratio of our approach over conventional ultrasound ranging from 129% to 267%, with corresponding execution times of 0.10 to 0.29 s, meaning that the developed method is computationally efficient while yielding high-contrast ultrasound. Furthermore, in vivo sentinel lymph node (SLN) imaging results demonstrated that our technique could accurately identify the SLN.
INTRODUCTION
Cancer is the second leading cause of death in the United States, and most cancer-related deaths are highly associated with metastasis.
1,2 Therefore, detecting and assessing the sentinel lymph node (SLN), which is the first lymph node to which cancer cells drain from a primary tumor, is crucial. To identify the SLN, researchers have explored numerous biomedical imaging techniques. [3] [4] [5] [6] [7] [8] [9] [10] Classically, lymphoscintigraphy with radiocolloid injection has been widely used for preoperative lymph node imaging, but its imaging resolution is relatively low. 5 Magnetic resonance imaging (MRI) has shown promising results for nodal staging, but MRI is not cost effective and imaging lymph nodes during surgery and/or biopsies is challenging. 6 In addition, although positron emission tomography/computed tomography (PET/ CT) has shown potential in preoperative scanning of lymph nodes, its sensitivity and specificity in identifying SLN is lower than those of lymphoscintigraphy or MRI. 11 Ultrasound is a cost-effective and noninvasive imaging modality that is able to guide SLN biopsies in real-time. Although ultrasound can be used to identify lymph nodes, the contrast between lymph nodes and the surrounding background is limited, and ultrasound alone cannot visualize which node receives drainage from the tumor. Accordingly, microbubbles have been used to improve contrast, but their relatively large size (a few microns) impedes their influx into the lymph node. 12, 13 In addition, their circulation time is relatively short (a few minutes), limiting the duration of imaging sessions. 14 To address these limitations of microbubbles, phase-changing nanodroplets that can be activated either acoustically or optically have been intensively investigated. [15] [16] [17] [18] [19] [20] Because they remain in a stable liquid state until they are triggered, nanodroplets can circulate relatively longer and remain small enough to extravasate from tumor neovasculature. Once vaporized in response to an acoustic or optical trigger, nanodroplets become gaseous microbubbles, providing highcontrast ultrasound similar to conventional microbubbles. However, because nanodroplets usually consist of lowboiling-point materials [e.g., perfluoropentane (29°C) or perfluorobutane (À1°C)], they do not recondense back to the original liquid state after activation. More recently, our group and others have developed laser-activated nanodroplets (LANDs) containing liquid perfluorohexane and optical dye. LANDs repeatedly vaporize and recondense because the boiling point of perfluorohexane (56°C) is higher than physiological temperature (37°C). [21] [22] [23] This unique, repeatable phase-changing property of LANDs has enabled or improved many applications, including super-resolution imaging, background-free imaging, and photoacoustic imaging. 22, 23 Figure 1 shows the blinking dynamics of the LANDs. Before optical triggering, the LANDs remain liquid nanodroplets, producing very limited ultrasound echoes. However, once activated by pulsed laser irradiation, the LANDs rapidly vaporize into gaseous microbubbles in situ, generating hyperechoic ultrasound signals until the LANDs completely recondense. 16, 18, 22, 23 However, their gaseous period is relatively transient (several to hundreds of milliseconds), which limits human perception of LAND-based contrast. 22 To overcome this limitation and to provide perceptible, sustainable LAND-based contrast in ultrasound, this work has developed an imaging method that effectively localizes the LANDs with high frame rate ultrasound imaging. In the method, we activate the LANDs periodically and capture the periodic blinking LANDs in ultrasound images, enabling the development of a fast, robust LAND-localization algorithm.
MATERIALS AND METHODS
This study introduces a novel, contrast-enhanced imaging method that uses high frame rate ultrasound imaging to localize LANDs. This real-time imaging method is clinically applicable and provides superior contrast with conventional ultrasound. As illustrated in Fig. 2 , our approach is based on LAND injection and optical activation, both of which are essential to the creation of contrast-enhanced LAND frames. Before injecting LANDs and initiating the laser, no localized LANDs are observable in contrast-enhanced frames. Without an optical trigger, localized LAND frames produce nearly imperceptible contrast because the LANDs have not vaporized and thus remain liquid droplets. However, once the pulsed laser irradiates local tissue containing LANDs, the vaporized particles become hyperechoic, allowing for construction of contrast-enhanced LAND images (yellow frames in Fig. 2 ). The recondensation process, however, is relatively fast; so to provide sustained contrast-enhanced imaging, this method uniquely exploits the periodic, repeated blinking in our LAND-localization algorithm. Overall, our imaging protocol reconstructs contrast-enhanced LAND image frames from the acquired ultrasound data at the rate of the pulse repetition frequency (PRF) of the laser. Fortunately, it does not require any sophisticated synchronization between the laser and the ultrasound systems, indicating that this approach is not limited in its utility. Until several laser pulses (usually, 3 to 5) activate the LANDs, it is only possible to build incomplete, transient LAND frames (blue). Yet after triggering several times, fully contrast-enhanced LAND frames (green) can be achieved.
The crux of the LAND localization method is that if a pixel in an image contains LANDs and the PRF of the laser pulses is constant, then we can induce repeated, periodic blinking of LANDs corresponding to this PRF. Thus, the temporal ultrasound signal for this pixel will contain regularly spaced peaks if the frame rate of ultrasound is also kept constant. The localization method assesses the consistency of the resultant peaks in ultrasound frames after tissue has been irradiated with multiple laser pulses. The PRF of the laser is defined as M and the frame rate of ultrasound is defined as R. Thus, every N frames (N = R/M) a single strong signal peak from the optically triggered LANDs is observed, as this corresponds to the ultrasound frame at which the LANDs are vaporized. Therefore, when irradiating with L laser pulses, L peaks occur. These L peaks here are recorded in L sets of N ultrasound frames (i.e., L•N ultrasound frames contain L peaks). The positions of these peaks can be any integer between 1 and N, as every set consists of N frames and one of these N frames will include the corresponding peak. For every pixel of interest in the image, the set S, containing L positions of peaks, is defined by
where s 1 , s 2 , . . ., s L are positions of peaks created by L number of laser pulses. Each peak is detected using a simple gradient operation. Then, a cost function with absolute differences of all two-combinations from S is defined by
where j and k are 1, 2, . . ., L and j 6 ¼ k. The cost function e(i) in Eq. (2) contains differences between peak positions from all possible pairs of two. Only image pixels containing the LANDs can present periodically blinking periodic ultrasound, which results in small e(i)'s because these peaks are detected repeatedly and consistently. Therefore, this method counts the number of e(i)'s less than or equal to d, where d is a threshold that determines the sensitivity of the algorithm, as c(i) by
Finally, this method formulates a probability function P LAND presenting the positional regularity of these peaks by
where the denominator is the number of all two-combinations of L and the numerator is the number of two-combinations whose absolute difference is less than or equal to d. Thus, the probability function defined in Eq. (4) represents how regularly peaks occur in the pixel of interest. In summary, to localize the LANDs for each pixel, this method measures how mutually close the detected L peaks are to temporal ultrasound sequences. The estimated probability in Eq. (4) displayed on each pixel of a contrast-enhanced LAND frame, indicating the localizability of LANDs. We synthesized the LANDs, consisting of an optical dye (Epolight 3072, Epolin, Inc., Newark, NJ, USA), liquid perfluorohexane (FluoroMed, L.P., Round Rock, TX, USA), an aqueous fluorosurfactant (Zonyl FSO, Sigma-Aldrich, St. Louis, MO, USA), and deionized water, following detailed procedures from our previous work. 22 Briefly, we first dissolved 1 mg of dye in 250 lL of perfluorohexane solution and sonicated the solution for 30 s. Then, we mixed this solution and a mixture of 2.5 mL deionized water and 0.5 mL 1% v/v aqueous fluorosurfactant. We vortexed the solution for 10 s and sonicated it again for 5 min in a water bath. Finally, we washed the synthesized LANDs by centrifuging for 5 min at 1000 relative centrifugal force (rcf) and resuspending in fresh deionized water. The diameter of the synthesized LANDs was 300 nm, as measured by a dynamic light scattering instrument (Zetasizer Nano ZS, Malvern Instruments, Malvern, Worcestershire, UK).
For our phantom and in vivo SLN imaging studies, we used a preclinical ultrasound system (Vevo 2100, FUJIFILM VisualSonics Inc., Toronto, ON, Canada) with a 40-MHz linear array transducer. The frame rate of ultrasound imaging was 288 Hz. To activate the LANDs, we used a 10-Hz Nd:YAG (neodymium-doped yttrium aluminum garnet) laser (Phocus, Opotek Inc., Carlsbad, CA, USA) at its fundamental 1064-nm wavelength, without synchronization with the ultrasound system. We acquired ultrasound images for approximately 2 s, and thus, several tens of laser pulses could be delivered per ultrasound acquisition. The measured optical fluence was 50 mJ/ cm 2 , far below the ANSI limit (100 mJ/cm 2 ) for safety. 24 We fabricated a tissue-mimicking phantom containing a cylindrical LAND-labeled inclusion and a homogeneous background. The phantom consisted of 21 mL of 40% polyacrylamide (Thermo Fisher Scientific, Walthan, MA, USA), 850 lL of 10% aqueous ammonium persulfate (Sigma-Aldrich, St. Louis, MO, USA) solution, 106 lL of TEMED (SigmaAldrich, St. Louis, MO, USA), 0.2% w/w silica particles (U.S. Silica, Hurtsboro, AL, USA), 0.01% w/w graphite particles (Dixon Ticonderoga, Lake Mary, FL, USA), and 64 mL of deionized water. Detailed procedures can be found in. 22 Only the inclusion contained 0.1% v/v LANDs. Our in vivo study was performed under protocols approved by the Institutional Animal Care and Use Committee at The University of Texas at Austin. A BALB/c nu/nu mouse (Charles River Laboratories, Inc., Wilmington, MA, USA) was anesthetized and injected submucosally through the tongue with 40 lL of LANDs using a 30-gauge needle. Then, we allowed the LANDs to drain for 30 min and imaged the cervical lymph nodes in the mouse's neck. After imaging, we immediately euthanized the mouse.
We collected two-dimensional ultrasound IQ sequences and processed the data with custom-written codes using MATLAB (The MathWorks, Inc., Natick, MA, USA). When reconstructing LAND frames, we varied the value of L (i.e., the number of sets of ultrasound sequences used) to investigate how the choice of L affects the results. For the quantitative evaluation, we computed the contrast-to-noise ratio (CNR) values from B-scans alone and LAND-localized frames with two regionof-interests (inclusion and background) in the phantom as a function of L. We estimated 95% confidence intervals (CIs), where the number of replicates were 13, 11, 9, 7, and 5 with L of 3, 5, 7, 9, and 11 respectively. In addition, to assess the practicality of the method, we evaluated the execution times in MATLAB by repeating processing with 100 trials to obtain average running times and their 95% CIs. The size of image was 1168 by 148 pixels.
RESULTS AND DISCUSSION
The top plot in Fig. 3 shows a temporal profile of the linear ultrasound intensity measured on a pixel of the image containing LANDs. A corresponding movie is available online (Video S1). The laser began pulsing at 0.4 s, and the pulse repetition interval of the laser was 0.1 s (i.e., 10 Hz). Thus, the repeated blinking behavior of LANDs was observable in the profile every 0.1 s from 0.4 s onward. In the figure, the algorithm allocated LAND frames (with L = 3 and 5) and their corresponding ultrasound frames every 0.1 s. When L = 3, the image processing method was able to produce LAND frames at 0.3 s since it used three sets of ultrasound sequences to localize the LANDs. Equally, when L = 5, this method could generate LAND frames as soon as five sets of ultrasound sequences were collected (i.e., the number of ultrasound frames containing five laser pulses). Then, it continued generating LAND frames every 0.1 s (i.e., every laser pulse). However, note that even if a LAND image was constructed at 0.3 s when L was three, it yielded no contrast since the laser pulsing had not commenced. In addition, before three laser pulses were fired, LAND frames were incomplete, and so the two LAND frames at 0.4 and 0.5 s were incomplete, transient images. Finally, from 0.6 s onward, the algorithm was able to create fully contrast-enhanced LAND images. As a result, this method clearly localized the LANDcontaining inclusion with L's of both three and five. Table I summarizes the CNR values of both unprocessed B-scans and LAND frames and the averaged processing times of LAND localization with various L (3 to 11). As L increased, the CNR improvement increased, but increasing L may also cause motion-induced errors. Hence, maintaining as small an L as possible is desirable to avoid motion artifacts. The measured average processing times were all under 0.3 s per LAND frame without deliberate computational optimization. Depending on the choice of L, the frame rate of LAND-localized images ranged from 3 to 10 Hz, whereas the frame rate of B-scan was not compromised with this method (i.e., consistent at 288 Hz). These results indicate that our approach is practical and robust, and that it enables the real-time detection of LANDs necessary for future translational efforts.
In the in vivo study, we imaged the murine SLN with the same setup used in the in vitro study, and Fig. 4 shows the results. Again, a corresponding movie is available online (Video S2). In Fig. 4 , we overlaid B-scan ultrasound frames with LAND-localized frames (L = 5). A temporal profile on a selected pixel in the lymph node containing LANDs shows their blinking dynamics in response to laser activation. As expected, the more laser pulses used to trigger the LANDs, the better the method can localize the LANDs, which correspond to the location of the SLN. After irradiating the tissue with five laser pulses, the SLN in Fig. 4 was identified at 0.7 s with improved contrast over ultrasound alone (i.e., unprocessed B-scans obtained from 0.1 to 0.4 s in Fig. 4) .
This study has demonstrated the potential of the developed LAND-localization method via phantom and in vivo results. However, the study has several limitations. First, we only showed the in vivo results obtained from a single mouse. Our continuing studies will include more animals to validate the method's robustness. In addition, for the clinical translation of this technique, not only should the ability to process the data in real time and provide high contrast be considered, but also the biocompatibility of LANDs should be examined. For example, the Epolight 3072 dye used in this study has not been FDA-approved, but our previous work has shown that the FDA-approved indocyanine green (ICG) dye was successfully loaded in perfluorocarbon nanodroplets, indicating that the LAND platform has high translational potential. 18 Lastly, we have not explicitly investigated the stability of LANDs (i.e., the number of cycles of vaporization and recondensation that LANDs can endure in response to pulsed laser irradiation). In these experiments, LANDs were imaged for at least five minutes, which equals to 3000 cycles with our 10 Hz laser, suggesting their ability to reliably vaporize and recondense. In addition, our previous work has demonstrated that the vaporization of the LANDs depends on selected laser energy, indicating that the LANDs activated below their vaporization threshold do not vaporize and remain in the liquid state. 18 Thus, to utilize the blinking ability of LANDs, a proper choice of laser energy is required and a laser fluence of 50 mJ/cm 2 in this study allowed the LANDs to vaporize and recondense repeatedly.
CONCLUSION
We have introduced a contrast-enhanced imaging method that relies on LANDs undergoing sustained and repeatable phase changes. The LANDs vaporize and recondense in response to pulsed laser irradiation; and given a constant laser PRF, they exhibit periodic peaks in the temporal ultrasound signal. Based on this unique blinking phenomenon, we have built an imaging method that determines how regularly the temporal ultrasound fluctuates to create a LAND-localized frame. Through our in vitro study, we quantified a substantial improvement in CNR over conventional ultrasound achieved with low computational complexity. Furthermore, we successfully identified a murine SLN, illustrating the viability of our technique in a small animal model. These results demonstrate that our approach effectively and efficiently localized LANDs in real time, which is necessary for future work to translate this contrast agent platform to the clinic.
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